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ARTICLE INFO ABSTRACT

Keywords: Permafrost degradation due to climate warming would potentially increase the release of previously frozen soil
Freeze-thaw carbon and change the carbon budget of the cold region ecosystem. The underlying permafrost degradation
Vegetation

would be effectively mediated by soil surface freezing-thawing (FT) processes. Aboveground vegetation can
regulate soil FT processes, however its effects on ground thermal transfer have not been well represented by
ecosystem models. In this study, we improved the hydrothermal module of the Boreal Ecosystem Productivity
Simulator (BEPS) through more careful parameterization of snowpack density, puddled water, soil organic
matter and super-cooled soil water. The impacts of vegetation on the soil surface FT processes have also been
investigated using the improved BEPS model and the measured soil temperature data at forest and grassland sites
on the southern edge of permafrost region in Mongolia and northeastern China. The improved BEPS model
performs better than the original model in simulations of soil temperature and soil FT processes. Smaller am-
plitudes of soil diurnal FT cycles were found in forest sites compared to grassland sites. Forest sites have delayed
soil thaw timing and similar soil freezing time compared to grassland sites. Differences in snow depths and soil
organic matter content due to distinct vegetation community structures have considerable influences on the
disparity in soil FT processes. Thus, it is important to improve the simulation of the impacts of vegetation on soil
surface FT processes for better forecasting the permafrost degradation.

Model improvement
Soil temperature

1. Introduction

Permafrost (the ground that remains below 0 °C for at least two
consecutive years) underlies approximately 23.9% of the exposed land
surface of the Northern Hemisphere and it contains twice as much car-
bon as the atmosphere (Grosse et al., 2016; Schadel et al., 2016). The
large quantities of carbon stored in the frozen soil could be released into
the atmosphere due to permafrost degradation caused by climatic
warming. This degradation would potentially change the global carbon
budget and accelerate global climate warming (Chaudhary et al., 2020;
Hollesen et al., 2011). The most dramatic permafrost degradation
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mainly occurs at the southern edge of permafrost area due to the sig-
nificant poleward movement of permafrost caused by climate warming
(Guo et al., 2018; Yue et al., 2020). The soil surface freezing-thawing
(FT) processes, which are measured by the amplitude and duration of
the diurnal soil FT cycle as well as seasonal FT timing, would effectively
mediate the underlying permafrost degradation (Guo et al., 2018). The
soil FT processes during the transition period from cold-to-warm or
warm-to-cold seasons can last from a few days to a few weeks and they
are susceptible to change because of the rapid climate warming (Bao
et al., 2021; Pachauri et al., 2014).

There have been many researches investigating the soil FT processes
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in response to climatic warming, mainly using near-surface soil tem-
perature data from in situ measurements (Bao et al., 2021; Cao et al.,
2020; Wang et al., 2020; Yoshikawa et al., 2020), land surface tem-
perature data from satellites (Baltzer et al., 2014; Kim et al., 2014) as
well as ecosystem model simulations (Foster et al., 2019; Guo and
Wang, 2014). However, there are still uncertainties in these studies due
to the sparse and short-term field measurements (Tao et al., 2017),
coarse resolution of the available remote sensing data (Grosse et al.,
2016; Tao et al., 2017) or the poor representation of soil FT processes in
ecosystem models (Barman and Jain, 2016; Jan et al., 2020; Nitzbon
et al., 2020). To better understand the pattern and drivers of the soil FT
processes at regional scale, the more realistic representation and pa-
rameterizations of soil FT processes are needed to be incorporated into
ecosystem models.

The impacts of vegetation on soil FT processes have been examined
by many studies. Field measurements in south Siberia (Hu et al., 2013),
Zhangbei county of Hebei province, China (Chen et al., 2020) and
Qinghai-Tibetan Plateau (Hu et al., 2020a) found that vegetation could
exert buffer effect on soil temperature, and consequently affect the soil
FT processes. Guo et al. (2018) found that soil FT cycles would be larger
in amplitude and longer in duration at steppe sites than at forest sites.
Soils in the forest sites and steppe sites froze almost simultaneously, but
experience a delay in thawing for forest sites (Guo et al., 2018). In
addition, the hydrologic and thermal regimes of soil surface and soil FT
processes could be affected by vegetation through intercepting snowfall
and solar radiation (Chang et al., 2015; French, 2007; Karjalainen et al.,
2019) and through buffer effect of litter layer (Chaudhary et al., 2020;
Lawrence and Slater, 2008). Thus, it is essential to improve the
ecosystem model for better simulating the impacts of vegetation on soil
FT processes.

Three forest sites and two grassland sites investigated in this study
were located along a vast latitudinal (around 10°) and longitudinal
(around 20°) gradient at the south edge of the permafrost region of
Mongolia and northeastern China. Soil temperature and meteorological
data were recorded at these sites during 2003 to 2014. The soil-
vegetation thermal and hydraulic modules of the Boreal Ecosystems
Productivity Simulator (BEPS) have been improved and tested at the
studied sites. Using the measured soil temperature data and those
simulated by the BEPS model, we investigated the impacts of vegetation
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Fig. 1. (a) The permafrost extent map catego-
rized by five types on the southern edge of east
Eurasia; (b) spatial distribution of vegetation
type underlying GLCNMO2013 (Kobayashi
et al., 2017). The map of permafrost type, i.e.,
continuous (90~100%), discontinuous
(50~90%), sporadic (10~50%), isolated
patches (0~10%), and others (seasonally frozen
soil, glacier, or water body), is obtained from
the National Snow and Ice Data Center (Brown
et al.,, 2002). Maroon and blue dots represent
the locations of forest and grassland sites
investigated in this study, respectively.
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types on soil FT processes.
2. Materials and methods
2.1. Site description

Three forest sites and two grassland sites at the southern edge of a
permafrost region in Mongolia and northeastern China were investi-
gated in this study (Fig. 1 and Table 1). Three sites (SKT, DXF, and KBU)
are in the permafrost region, and two sites (CHB and CNG) belong to the
region of seasonally frozen ground. These sites were selected fulfilling
the following conditions in data quality and availability: (1) soil data
including soil texture and soil organic carbon (SOC) content are avail-
able; (2) two or more years of continuous hourly measurements of soil
temperature and meteorological variables, including air temperature,
downward shortwave radiation, relative humidity, precipitation, and
wind speed are available; (3) ground measurements of leaf area index
(LAI) and clumping index are available. Table S1 shows the detailed
information about these observational items, containing the types and
placement heights/depths of the instruments.

The Southern Khentei Taiga (SKT) forest site is located in a Siberian
larch forest on a southwest-facing gently sloping hill with a maximum
slope of about 5° (Li et al., 2005b). The soil at the site is spodosol
(seasonal cryosol) with coarse texture. Its total carbon content at the top
40 cm soil layer is 2.21 + 0.50% on average after removal of roots by
sieving. The understory was dense and formed a distinct layer of grasses
and scattered shrubs (Li et al., 2005b). The temperate mixed forest site
of Changbai mountain (CHB) is located in Northeastern China (Guan
etal., 2006; Zhang et al., 2016). Elevational permafrost may occur in the
upper part and on the top of the Changbai mountain (Wei et al., 2011).
The Daxing’anling Forest Ecosystem Research Station (DXF) lies in a
continuous permafrost region within northeastern China (Wei et al.,
2011). The larch forest and frozen soil maintain the cold and wet
environmental conditions of cold temperate coniferous forests (Tian
et al., 2018). The annual frozen period is over 210 days and the snow
cover exists from late September to early May (Chen and Li, 2008). The
Kherlenbayan Ulaan (KBU) steppe site is located in northeastern
Mongolia. It is fairly open and flat with terrain slopes less than 0.5° in all
directions (Li et al., 2005a). The soil is classified as chestnut soil
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Table 1

Description and location of sites. The detailed information about these sites is shown in the supplementary materials (Table S1).

Reference

b Max CII)

Hcanopy

b

Dsnow

Precip”
(mm)
296

Tair” (

°C

Soil

Frozen ground type”

Veg.
types”
DNF

Site names Period Latitude, Elevation (m
asl)

Site

(m) LAI

20

(cm)

N/A

texture
Sandy
loam

Longitude

ID
SKT

(Frazer et al., 2001; Li

0.80°

2.2

—-2.7

1630 Discontinuous
permafrost

48.35°N,

2003-2006

Southern Khentei

Taiga

2005b)
(Guan et al., 2006)

et a

108.65°E
42.40°N,

0.69

5.8

25

10

713

3.6

Loam

Seasonally frozen

MF
ground

738

2003-2005

Changbai

CHB

128.10°E
50.96°N,

(Wei et al., 2011; X.
Zhang et al., 2018)

2.41¢ 0.56

27.5

13

500

—5.4

Loam

Continuous
permafrost

DNF

832

2013-2014

Daxing’anling

Forest

DXF

121.51°E
47.21°N,

(Li et al., 2008, 2006,
2005a)

Isolated permafrost Clay 1.2 196 N/A 0.12 0.6 0.80¢
loam

Grassland

1235

2004-2005

Kherlenbayan

Ulaan

KBU

108.74°E
44.59°N,

3.0 0.82 (Dong et al., 2011)

0.75

400

5

Seasonally frozen Silty clay

ground

Grassland

171

2007-2010

Changling

CNG

123.51°E

# The frozen ground type is extracted from the Circum-Arctic Map of Permafrost (Brown et al., 2002).

b Veg. type: vegetation types. DNF: deciduous needleleaf forest; MF: mixed forest; T;;: mean annual air temperature; Precip: mean annual precipitation; Dgnow: annual max snow depth (Che et al., 2008); Heanopy: mean

canopy height; CI: leaf clumping index;.

¢ Data were extracted from a global MODIS-derived clumping index map at 500 m spatial resolution (He et al., 2012).

4 This LAI data is retrieved from the GLOBMAP-V2 datasets at 8 km spatial resolution (Liu et al., 2012).
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(Kastanozem), and is well-drained with low moisture-holding capacity
(Li et al., 2008). Its bulk density, overall porosity, and hydraulic con-
ductivity in the top 30 cm layer are 1.45 g cm ™3, 45%, and 0.01~0.08
mm s ~ !, respectively (Li et al., 2006). The Changling temperate
meadow steppe station (CNG) is situated in the southern Songnen Plain.
There is 1.5% soil organic matter in the top soil layer (Dong et al., 2011).
The frost-free period was about 130~165 days and the growing season
was limited to late April to September.

The vertical profile of soil organic carbon density and bulk density
were derived from the SoilGrids dataset that covers the top 2 m of soil
column with seven layers (0, 5, 15, 30, 60, 100, and 200 cm) (Hengl
et al., 2017). The SoilGrids dataset with 250 m spatial resolution is
interpolated to the five layers of soil column in the BEPS model using the
linear interpolation method.

2.2. The description of BEPS model

The BEPS model, a process-based diagnostic model, was initially
developed for Canadian boreal ecosystems (Liu et al., 1997), and has
been adapted for other ecosystems over the globe. It is commonly used
in stimulating photosynthesis, vegetation productivity, and soil
biogeochemical processes at hourly time steps (Chen et al., 2016; J. M.
Chen et al., 2019; S. Zhang et al., 2018). BEPS includes a “two-leaf”
canopy stratification scheme that treats vegetation canopy as two groups
of leaves, sunlit and shaded ones (B. Chen et al., 2019). The soil profile is
divided into five layers and the thickness of soil layers increases expo-
nentially from the top layer to the deepest layer (equals to 0.05, 0.1, 0.2,
0.4, and 1.25 m, respectively). Each soil layer is considered as a mixture
of mineral soil, organic matter and water (Fig. 2). The BEPS model is
driven by vegetation parameters, including leaf area index, clumping
index, and land cover type, as well as meteorological and soil data.

BEPS includes modules to calculate the thermal dynamics of soil
profile, which are determined using a one-dimensional (vertical direc-
tion) heat diffusion equation (Chen et al., 2007):

o, 0 (. or,
Csy o o (lr.z P > + 8o, (€]

where C;; (Jm ™~ 3K~ 1) is the volumetric heat capacity of soil layer ; Ts;
( °C) is the soil temperature at depth z and time t. S;; (W m ~ 3} is the
source (or sink) term for freezing or thawing of moisture occurred at soil
layer I 4y (W m ~ ! K ~ 1) is the soil thermal conductivity, which is
determined as a function of soil texture and soil moisture content
(Kumar and Kaleita, 2003):

3 0w
Ay = [/15‘1(179“”'[)Aliq&\"[(lifw/)/‘[ireyu’[/““ _ 0415] Hwl +0.15 2)

sat,l

where /), Ajiq and i, are the thermal conductivity of the constituents,
including soil solids (decided by soil texture), liquid water (0.61 Wm ~ 1
K~ 1), andice 22Wm~ 'Kk~ 1. Osqr1 is the saturated soil moisture. The
soil organic matter (SOM) was not considered in the calculation of A.
Calculation of other properties and heat transfer processes of soil profile
are shown in Appendix A.

2.3. Model improvements

2.3.1. Snowpack density

Snowpack controls the thermal transmission through the
atmosphere-soil interface during winter and early spring (Wu et al.,
2016). In the original BEPS model, the snow density (p,,,,) is calculated
simply as:

Punow = 67.9 4 51.3¢% 3)

where T, is air temperature. The effects of canopy and wind speed
on p,,,, Was not considered.
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Air temperature
Precipitation

Downward solar radiation
Relative humidity

Wind speed

Soil layer
(5 layers)

Zero bottom boundary condition

In the improved BEPS model, the snow accumulation is correlated
closely with the canopy characteristics. For the windy grassland sites,
is calculated as (Helfricht et al., 2018):

pSTlOW

{ 500(1 —0.95]e 46T "”*0-003“”)7 “13°C<T,<25°C
I .
500(1 - 0.904e*°-°°8“”), T,<-13°C
“4)

where T, ( °C) is air temperature, u is the wind speed in m/s.

2.3.2. Puddled water

In the case that the surface water supply (e.g., rainfall, snowmelt, or
irrigation) exceeds the actual infiltration rate from the surface into the
soil, the BEPS model assumes that a puddle occurs (Chen et al., 2007).
The puddled water has large specific heat and it can buffer the variation
of ground temperature. The hydro-dynamics of surface water supply and
infiltration were implemented in the original BEPS model (Chen et al.,
2007). However, the influences of surface water on surface thermal
transmission have not been considered yet.

In the improved BEPS model, the thermal regime of the puddle is
distinguished from that of underneath soil. The puddle is modeled as
part of the profile for heat conduction within the SNOWPACK module.
Puddle and snowpack (or surface ice) can be converted into each other
at freezing point (0 °C). The amount of meltwater and freezing water is
estimated based on the available energy. Similarly to the calculation of
snowpack temperature (Chen et al., 2007), the temperature of puddled
water is first calculated using Eq. (1), without considering the tha-
wing/freezing effects and this is apparent temperature (T,). If T, < 0 °C,
energy would be released from water freezing. T is then reset to 0 °C.

2.3.3. Soil organic matter

In the original BEPS model, soil organic matter was not considered in
the calculation of some soil thermal-hydraulic parameters such as soil
thermal conductivity, the saturated soil water potential, the Clapp and
Hornberger empirical parameter and the saturated hydraulic conduc-
tivity. The SOM usually has high heat capacity and low heat conduc-
tivity due to its high porosity with a majority of pores filled with water
and air. Neglecting SOM in the calculation of soil thermal-hydraulic
parameters would cause large uncertainties in simulating soil thermal
dynamics.

‘Wind compaction
of newly fallen snow
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Fig. 2. Conceptualized diagram of the thermal
transfer module in the BEPS model, focusing on
the underlying mechanisms controlling ground
temperature and soil freeze-thaw processes in
cold regions. H, LE, Rl, Rs, and G are the sen-
sible heat flux, latent heat flux, longwave radi-
ation, shortwave radiation, and net energy flux
from soil column, respectively; the subscripts ¢
and g represent atmosphere-canopy and
canopy-soil interfaces, respectively. The tem-
perature includes the air temperature (input),
the sunlit and shaded canopy temperature for
both overstorey and understory, the snow
temperature (if snow is present), the ground
temperature, and the soil temperature of
Rs different layers.

The atmosphere

}Dynamic snow layer
(3 layers)

Grassland

In the improved BEPS model, we replaced the default parameteri-
zation of soil thermal conductivity (4;) with that of Tian et al. (2016) as:

— igiQigs + Wice iiceOices + WairaOas + Wsihs 1051 + Wsoe 1Asoc 1051
Otig1 + Wice 10iceq + WaiOai + Ws 1051 + Wioc 10s0ci

A ()

where the subscript a denotes the air component, subscript soc denotes
the soil organic carbon, 6 is the volumetric fraction, and w is the
“weighting” factor (unitless) (Appendix B1).

The calculations of other soil thermal-hydraulic parameters were
also improved to incorporate the effects of SOM and they are expressed
as (Lawrence and Slater, 2008):

a = (1 7f;uc,l)amin,i +fsuc.lasoc (6)

where the subscripts soc and min represent the soil organic carbon and
mineral material; f;,; is the volume fraction of soil organic carbon in soil
layer [; a is any hydrologic or thermal parameter. In the improved BEPS
model, the thermal conductivity of SOM (4s,) is set as 0.25 Wm ~ Tg-1
(Farouki, 1981), the saturated soil water potential of SOM (Wsq, soc) is set
as —10.3 mm, the Clapp and Hornberger empirical parameter of SOM (b)
is set as 2.7, and the saturated hydraulic conductivity of SOM (Kt soc) is
setas 0.10 ms ~ ! x 1073 (Letts et al., 2000).

2.3.4. Super-cooled soil water
The original BEPS model did not consider the super-cooled soil water
which can exist in frozen soils through the capillary and absorptive
forces exerted by soil particles (Melton et al., 2019). This liquid water
content changes drastically near 0 °C and decreases with decreasing
temperature. Its amount has important implications for the simulation of
thermal dynamics in frozen soils (Hu et al., 2020b; Zhang et al., 2008).
In the improved BEPS model, we set the upper limit of the liquid
water content for subfreezing temperature as (Niu and Yang, 2006):
3 -4
eliq,max = emt {M} (7)
8Ty

where 0y, is the porosity of soil; Ly is the latent heat of fusion (J kg_l); T
and Ty, are soil temperature and freezing point ( °C) (Ty; = 0 °C),
respectively (Fuchs et al., 1978); g is the gravitational acceleration (m s
~ 2, W, is the saturated soil matric potential depending on the soil
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Table 2

Intercepts (a), slopes (b), coefficients of determination (R?), root mean square of errors (RMSE) from regressions of hourly soil temperature simulated by the original and improved BEPS model vs. hourly soil temperature

measured at the five studied sites. The scatter plots between simulations and observations at each site are shown in the supplementary materials (Figs. S2 and S3).

RMSE ( °C)
Original
5.44

6.01

2.33

4.83

3.63

RZ

Veg. types”

Periods

Site ID

Improved
26,064
26,304
17,520
17,544
30,216

Original
26,064
26,304
17,520
17,544
30,216

Improved

2.85
1.79
2.26
3.31
1.91

Improved

0.93
0.96
0.98
0.97
0.98

Original
0.94
0.90
0.98
0.94
0.96

Improved

Original

Improved
—-0.99
0.31

0.95

Original
—2.53
—5.06
-1.59
-2.49
—2.65

1.09
1.02
0.93
0.90
1.05

1.41
1.43
1.09
0.92
1.19

DNF
MF

2003-2006
2003-2005
2013-2014
2004-2005

SKT
CHB
DXF
KBU
CNG

DNF

—-0.86
0.24

Grassland
Grassland

2007-2010

? Veg. types: vegetation types. DNF: deciduous needleleaf forest; MF: mixed forest.
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Fig. 3. Ensemble averages of seasonal variations in soil temperature of the five
studied sites from observation, the original and improved BEPS model. The
error bars represent the standard deviation. The detailed values shown in this
figure are displayed in the supplementary materials (Table S2).

texture (mm); and b is the Clapp and Hornberger empirical parameter
(Clapp and Hornberger, 1978). This equation calculates the maximum
liquid water content at a soil temperature below the freezing point
(Appendix B2).

2.4. Estimation of soil freeze-thaw parameters

The periods of soil thawing and freezing are determined by soil
temperature. A soil FT cycle occurs when the daily maximum soil tem-
perature exceeds 0 °C and the daily minimum soil temperature is below
0 °C, which means the soil thaws during the day and is frozen during the
night. The duration of the diurnal soil FT cycles is calculated as the
number of days with the diurnal soil FT cycle. The amplitude of the
diurnal soil FT cycles is calculated using the difference between the daily
maximum and minimum soil temperature when the diurnal soil FT cycle
occurs. Thaw/freeze day is defined as the onset date of soil thawing/
freezing.

3. Results
3.1. Simulation of soil temperature

The hourly soil temperature simulated by the original and improved
BEPS model were compared with measured data to evaluate the per-
formance of the original and improved BEPS model in simulating soil
temperature at the studied sites (Supplementary materials, Fig. S1). The
regression statistics are summarized in Table 2. The original and
improved BEPS models are both able to explain >90% of the variance in
soil temperature. The root mean square error (RMSE) of soil temperature
simulated by the original BEPS model ranges from 2.33 to 6.01 °C and
that simulated by the improved BEPS model ranges from 1.79 to 3.31 °C
(Table 2). The improved BEPS model shows smaller RMSEs, higher R?
and slopes closer to one, performed better than the original BEPS model
in simulating soil temperature at the studied sites.

Simulated seasonal soil temperature from both the original and
improved BEPS model were also compared with the observed soil tem-
perature for all the studied sites (Fig. 3). In general, both the original and
improved BEPS models were able to capture the seasonal variations in
soil temperature for the studied sites and the improved BEPS model
performed better than the original one in simulating ensemble mean soil
temperate in all four seasons (Fig. 3).

In spring (Mar. to May), the observed ensemble mean soil tempera-
ture was 1.94 + 6.84 °C while the simulated soil temperature from the
original and the improved BEPS model were 0.57 + 8.26 °C and 1.19 +
6.30 °C, respectively (Fig. 3). On average, the improved BEPS model
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Fig. 4. The mean amplitudes of diurnal soil FT
cycles of the studied forest and grassland sites

T from observation, the original and improved
* BEPS model for thawing and freezing periods,
respectively. The error bars represent the stan-
dard deviations. Using double-tailed t-tests, the
differences in the amplitudes of FT cycles be-
tween forest and grassland for both thawing
and freezing periods are all statistically signifi-
cant (p < 0.1) based on the observation and the
simulated results of the improved BEPS model.
One star represents p < 0.1. The amplitudes of
diurnal soil FT cycles of each site are shown in

the supplementary materials (Fig. S4).
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underestimated the observed soil temperature by 38.7% in spring. This
negative bias is much smaller than that of the original BEPS model
which is as large as 70.6%.

In summer, the observed ensemble mean soil temperature was 16.97
+ 3.36 °C while the simulated soil temperature from the original and the
improved BEPS model were 17.37 £+ 3.26 °C and 16.67 £+ 2.74 °C,
respectively (Fig. 3). On average, the improved BEPS model under-
estimated the observed soil temperature by 1.8% while the original
BEPS model overestimated observed soil temperature by 2.4% in
summer.

In autumn, the observed ensemble mean soil temperature was 4.59
+ 6.70 °C while the simulated soil temperature from the original and the
improved BEPS model were 2.49 + 7.50 °C and 4.44 + 6.08 °C,
respectively (Fig. 3). On average, the improved BEPS model under-
estimated the observed soil temperature by 3.4% in autumn. This
negative bias is much smaller than that of the original BEPS model
which is as large as 45.8%.

In winter, the observed ensemble mean soil temperature was —9.41
+ 2.39 °C while the simulated soil temperature from the original and the
improved BEPS model were —15.33 + 3.87 °C and —10.47 + 3.36 °C,
respectively (Fig. 3). On average, the improved BEPS model under-
estimated the observed soil temperature by 11.3% in winter. This
negative bias is much smaller than that of the original BEPS model
which is as large as 62.9%.

3.2. Simulation of diurnal soil FT cycles of different vegetation types

Mean amplitudes of diurnal soil FT cycles simulated by the original
and improved BEPS model are compared with those from the observa-
tions at the studied forest and grassland sites for thawing and freezing
periods, respectively (Fig. 4). The observed mean amplitudes of soil
diurnal FT cycles during the thawing period are 2.32 + 1.06 °C at forest

Thawing period

Freezing period

sites and 5.01 + 2.35 °C at grassland sites (Fig. 4a). The simulated mean
amplitudes of soil diurnal FT cycles from the original and improved
BEPS model during the thawing period are 1.80 + 1.91 °C and 2.31 £+
2.68 °C, respectively, at forest sites and they are 1.03 + 1.38 °C and 6.21
+ 2.91 °C, respectively, at grassland sites (Fig. 4a). The results from the
improved BEPS model are closer to the observations compared to those
from the original BEPS model.

During freezing period, the observed mean amplitudes of diurnal soil
FT cycles are 1.20 + 0.92 °C at forest sites and 5.91 + 3.84 °C at
grassland sites (Fig. 4b). The simulated mean amplitudes of diurnal soil
FT cycles from original and improved BEPS model during the freezing
period are 0.32 + 0.79 °Cand 1.10 + 1.30 °C, respectively, at forest sites
and they are 1.28 + 1.15 °C and 5.73 £ 2.97 °C, respectively, at
grassland sites (Fig. 4b). The results from the improved BEPS model are
closer to the observations compared to those from the original BEPS
model.

The mean amplitudes of diurnal soil FT cycles are larger at grassland
sites than forest sites for both thawing and freezing periods (Fig. 4).
Through the conventional double-tailed t-tests, the differences in am-
plitudes of FT cycles between forest and grassland sites for both thawing
and freezing periods are all statistically significant at p < 0.1, meaning
that the vegetation effect for either thawing period or freezing period is
highly significant.

Mean durations of diurnal soil FT cycles simulated by the original
and improved BEPS model are also compared with those from the ob-
servations at the studied forest and grassland sites for thawing and
freezing periods, respectively (Fig. 5). The observed mean durations of
diurnal soil FT cycles during the thawing period are 14 + 5 days at forest
sites and 11 + 6 days at grassland sites (Fig. 5a). The simulated mean
durations of diurnal soil FT cycles from the original and improved BEPS
model during the thawing period are 2 + 2 days and 9 + 5 days,
respectively, at forest sites and they are 1 + 2 days and 8 + 5 days,

Fig. 5. The mean durations of diurnal soil FT
cycles of the studied forest and grassland sites
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respectively. The error bars represent the stan-
dard deviations. Using double-tailed t-tests, the
differences in durations of FT cycles between
forest and grassland for both thawing and
freezing periods are not statistically significant
(p > 0.1) based on the observation and the
simulated results of the improved BEPS model.

The durations of diurnal soil FT cycles of each
-[ site are shown in the supplementary materials
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Fig. 6. The thaw day and freeze day of forest
and grassland sites. The error bars represent the
standard deviation. Using double-tailed t-tests,
the difference of the thaw day between forest
and grassland is statistically significant (p <
0.1) while the difference of the freeze day be-
tween forest and grassland is not statistically
significant (p > 0.1) based on the observation
and the simulated results of the improved BEPS
model. One star represents p < 0.1 and no star
represents p > 0.1. DOY means day of the year.
The thaw day and freeze day of each site are

shown in the supplementary materials (Fig. S6).
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respectively, at grassland sites (Fig. 5a). The results from the improved
BEPS model are closer to the observations compared to those from the
original BEPS model.

During the freezing period, the observed mean durations of diurnal
soil FT cycles are 8 + 6 days at forest sites and 10 + 9 days at grassland
sites (Fig. 5b). The simulated mean durations of diurnal soil FT cycles
from the original and improved BEPS model during the freezing period
are 1 + 1 days and 6 + 5 days, respectively, at forest sites and they are 2
+ 2 days and 8 + 6 days, respectively, at grassland sites (Fig. 5b). The
results from the improved BEPS model are closer to the observations
compared to those from the original BEPS model.

3.3. Simulation of seasonal soil FT timing for different vegetation types

Mean thaw days simulated by the original and improved BEPS model
are compared with those from the observations at the studied forest and
grassland sites, respectively (Fig. 6a). The observed mean thaw days are
DOY 98 + 14 at forest sites and DOY 85 + 8 at grassland sites (Fig. 6a).
The simulated mean thaw day from the original and improved BEPS
model are DOY 93 + 18 and DOY 98 + 13, respectively, at forest sites
and they are DOY 79 + 6 and DOY 85 =+ 9, respectively, at grassland sites
(Fig. 6a). The results from the improved BEPS model are closer to the
observations compared to those from the original BEPS model. The soil
of forest sites thawed later than grassland sites. Through the conven-
tional double-tailed t-tests, the differences of thaw day between forest
and grassland sites are statistically significant at p < 0.1, based on the
observation and the simulated results of the improved BEPS model
(Fig. 6a).

Mean freeze days simulated by the original and improved BEPS
model are also compared with those from the observations at the studied
forest and grassland sites, respectively (Fig. 6b). The observed mean
freeze days are DOY 291 =+ 23 at forest sites and DOY 298 + 18 at
grassland sites (Fig. 6b). The simulated mean freeze days from the
original and improved BEPS model are DOY 265 + 15 and DOY 282 +
19, respectively, at forest sites and they are DOY 283 + 22 and DOY 299
+ 21, respectively, at grassland sites (Fig. 6b). The results from the
improved BEPS model are closer to the observations compared to those
from the original BEPS model. Through the conventional double-tailed t-
tests, the differences of freeze days between forest and grassland sites
are not statistically significant at p > 0.1, based on the observation and
the simulated results of the improved BEPS model (Fig. 6b).

4. Discussion

4.1. The impacts of different improvement schemes on the simulations of
soil temperature

The Gaussian kernel density estimation (KDE) of the differences
between the simulated soil temperatures from the experimental model
runs and the observations of the five studied sites was conducted to

Original model
MAE=3.23°C
n= 117648
Snowpack density
MAE=290°C
n= 117648
Puddled water
MAE=2.54°C
n= 117648

Soil organic matter
MAE=3.04°C

Bias-density of different experiments

n= 117648
Super-cooled soil water
MAE=3.22°C
n= 117648
Integrated
MAE=229°C
n= 117648
20 45 a0 5 0 510 15 20

Bias (°C) (model - obs.)

Fig. 7. The Gaussian kernel density estimation (KDE) of the differences be-
tween the hourly soil temperatures from the experimental model runs and those
measurements of the five studied sites. The more concentrated the data is on the
center zero line, the higher the accuracy. The gray KDE plots represent the
distributions of the simulation biases of each improvement scheme. The red
KDE plot represents the distribution of simulation biases of the improved BEPS
model, which integrated all improvement schemes. MAE represents mean ab-
solute error.

compare the contribution of the four modifications of BEPS model in
simulating soil temperature. Considering the impacts of canopy and
wind speed on the snowpack density reduces the MAE of simulated soil
temperature from 3.23 to 2.90 °C (Fig. 7). The incorporation of puddled
water into the simulation of soil thermal dynamics reduces the MAE of
simulated soil temperature from 3.23 to 2.54 °C (Fig. 7). The incorpo-
ration of soil organic matter into the calculations of soil thermal-
hydraulic parameters reduces the MAE of simulated soil temperature
from 3.23 to 3.04 °C (Fig. 7). The inclusion of unfrozen water in frozen
soils did not change MAE of simulated soil temperature significantly
(Fig. 7). Totally, the integrated improvements to the BEPS model reduce
the MAE of simulated soil temperature from 3.23 to 2.29 °C (Fig. 7).
The simulations of soil temperature from the improved BEPS model
perform much better than those of the original BEPS model due to more
careful treatments of the impacts of a thermal “buffer zone” (i.e.
snowpack, puddled water and SOM) on subsurface heat transfer. Snow is
an insulator and is a leading factor in preventing the ground from heat
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Fig. 8. The mean soil organic carbon (SOC) content in the surface soil layer
(2.5 cm) versus the mean amplitudes of diurnal soil FT cycles during thawing
periods at the studied sites. Blue and green circles represent forest sites. Red
and orange squares represent grassland sites. The data of SOC content are
derived from site observation and SoilGrids dataset and are used as the input
data to the BEPS model. The amplitudes of FT cycles are simulated by the
improved BEPS model.

loss in winter, especially at the high latitudes where stable snow cover
lasts from a few weeks to several months (Zhang, 2005). As an aquitard,
the frozen soil layer drastically weakens hydraulic connectivity and
downward water infiltration and benefits the existence of puddled water
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(Jin et al., 2020). The puddled water layers act as a buffer that modu-
lates the heat exchange between the overlying air and the underlying
soil layer. SOM would also modulate the transfer of heat between soil
and atmosphere, typically leading to a smaller daily difference in soil
temperature (Lawrence and Slater, 2008). Thus, it is essential to incor-
porate a realistic buffer zone between the atmospheric forcing and soil
thermal processes (Ju et al., 2006; Kim et al., 2016; Tao et al., 2017).

4.2. Vegetation types affected diurnal soil FT cycles and seasonal soil ft

timing

Different vegetation types have distinct community structures and
consequently differ in litter cover, snow accumulation patterns, and
canopy interception of solar radiation (Guo et al., 2018; Wang et al.,
2002). Plant litter is a major source of near-surface SOM, and the
accumulation of litter was affected by plant species (Novara et al.,
2015). Compared to grassland, the forest usually has more aboveground
biomass, thicker litter layer and more SOM (Supplementary materials,
Fig. S7). Thus, litter insulation is higher in forest sites, producing a lower
amplitude of diurnal soil FT cycles compared to grassland sites (Fig. 8).

It has been recognized that snow accumulation differs substantially
between forested and grassland because of the difference in canopy
interception of snow, snow sublimation and wind redistribution (Chang
et al., 2015; Foster et al., 2019). The mean snow depth is positively
correlated with the thaw day (Fig. 9b) because the depth-dependent
snowpack insulation could regulate the thermal transmission between
the atmosphere and the soil and consequently slow down soil thawing.
Also, the SOC content is positively correlated with the thaw day (Fig. 9d)
because SOM also buffers soil thermal transmission and more soil sur-
face SOC would slow down soil thawing during the thawing period.
Forest sites have thicker snow depth and more soil surface SOC than
grassland sites and these are the reasons why the thaw days of forest sites
are later than those of grassland sites (Fig. 9).
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Fig. 9. The ensemble averages of daily snow
depth during winter (a) and the relationship of
mean snow depth and the thaw day (b) for the
forest and grassland sites. The ensemble aver-
ages of SOC content in the surface soil layer
(2.5 cm) (c) and the relationship of SOC content
in the surface soil layer (2.5 cm) and the thaw
day (d) for the forest and grassland sites. The
snow depth and thaw day are simulated by the
improved BEPS model. The data of SOC content
are derived from site observation and SoilGrids
dataset and are used as the input data to the
BEPS model.
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5. Conclusions

In this study, the BEPS model has been improved through more
careful treatments of the impacts of thermal “buffer zone” (i.e. snow-
pack, puddled water and SOM) on subsurface heat transfer. The different
patterns of soil surface FT processes between forest and grassland and
the regulation of vegetation to soil FT processes were analyzed based on
the measured soil temperature data and those simulated by the BEPS
model. The major conclusions are drawn as follows:

(1) Compared to the original BEPS model, the improved BEPS model
has smaller RMSEs, higher R? and slopes closer to one, and per-
forms better in simulating soil temperate in all four seasons.

(2) The simulated diurnal soil FT cycles and seasonal soil FT timing
from the improved BEPS model are closer to the observations
compared to those from the original BEPS model.

(3) Forest sites have smaller amplitudes of diurnal soil FT cycles and
delayed timing of soil thaw compared to grassland sites.
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Appendix A: Thermal dynamics of the soil profile in the original BEPS model

The soil volumetric heat capacity C;; is equal to the sum of the specific heat capacities of the soil constituents (water, ice, soil minerals, and organic

matter) multiplied by their respective volumetric fraction.

_20x10°,,

sl = 2.65 + (Cw(l 7ﬁt‘e.l) =+ Cice, i('e.[)gw.l + Cs,.wcfmc.[

(A1)

where p; (g cm2) is the soil bulk density of layer [; ¢, (4.2 x 10%J kg’1 K~ 1), Cice (2.09 x 10%J kg’1 K~ 1), Cssoc (2.5 % 10%J kg’1 K~ 1 are the
specific heat of water, ice, and soil organic matter, respectively; 6,,; is the soil moisture in the Ith soil layer; fi..; and f;,; are the volume fractions of ice
and organic matter in soil layer I, respectively; 2.65 g cm ™ is the typical soil particle density of mineral soils; 2.0 x 10 Jkg ™! K ~ ! is the specific heat
of mineral soils.

The net energy flux at the ground surface under canopy and snow (Gy) is assumed to be transmitted into soil layers as the boundary condition:

0 = Gy + R,y + H, + AE, (A2)
C.Y.I(STY.I Gl—l I Gl.l-]

= : : [=1,2,3,..., N—1 A3

ot 7+ Sx_[ ( ) ( )

Gy =Go1 =Gy (I=1) (A4)

(0~5kh171 + O-Skr.l) (Ts.l—l - Tx.l)
0.5z;-1 + 0.5z

Gy = (1=2,3,4, ..., N) (A5)

where Rpg (Wm ™~ 2) is the net absorbed radiation by a canopy; Hy (Wm ™~ 2) is the sensible heat flux from the ground to the canopy and through it; A (J
kg’l) is the latent heat of vaporization; E, (kg m ~ 25~ Y isthe evaporation from the ground surface; G;_1; (Wm ~ 2) is the conductive heat fluxes
between soil layers [ — 1 and L

The snowpack is modeled as a part of the profile for heat conduction below the reference plane of surface temperature. The same equation for heat
dynamics in the soil profile is used in the snowpack thermal module. The amount of snow is the balance of snowfall and snowmelt, which is estimated
based on the available energy. The thickness of the snowpack is updated every time step based on the amount of snow (water equivalent) and its
density profile. When the thickness of the snowpack covering the ground is less than 2 cm, the snowpack and ground surface is considered as one layer.
When the thickness is more than 2 cm but less than 5 cm, the snowpack, as an independent layer on the ground, is proportionally distributed with bare
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ground. When the thickness is greater than 5 cm, the snowpack is regarded as three layers (0~2 c¢cm, 2~5 cm, and > 5 cm).
Appendix B: Description of improved parameterizations

B1. Soil organic matter

The parameterization of soil thermal conductivity is based upon the “weighting” factor w of different components to calculate the A. The w is given
as (Tian et al., 2016):

1 2 1
Wl =3 + (B1)
- _1+o.125(j[+'171> 1+0.75<%71>
ig. ig.
1 2 1
Wal =3 + (B2)
_1+ga<ﬁ_,—l) 1+(1—2ga)(ﬁ—1)
where g, represents a unitless empirical air pore-shape factor:
g{l
g =0333 — (1 - ") (B3)
sat,l
The shape of ice crystal in soil pores develop similarly to those of air voids. Therefore, g for ice is given by the following equation:
0[&'
ice = 0.333 — (1 ——"> (B4)
sat,l

The thermal conductivity of air 0.025 Wm ~ ' K ~ 1. The heat capacity (C,;) of a soil layer L is calculated through updated formula as (Lawrence and
Slater, 2008):

Cy= C,y.l(l - g.mt,l) + (ew(1 =fice) + Cicafice)Oraw + Cair (asut.l - gw,l) (BS)

Cyy = c.\.min.l(l _f.‘\'m"l) + Cysocfsoc (B6)

where cg;r (1.0 X 103J kg’1 K~ Yisthe specific heat of air in soil layers (de Vries, 1963); ¢ min is the specific heat of mineral soil and is computed as
the percent of sand and clay for soil layer L. The soil organic carbon fraction (f;, ;) for a particular soil layer as fioci = Psoc1/Psocmax- The Psoc; is the soil
carbon density for soil layer [ and Psoc;max (130 kgm ~ %) is the maximum soil carbon density (equivalent to a standard bulk density of peat) (Farouki,
1981). The specific heat capacity of soil layer [ is the weighted sum of the specific heat of soil solid and water.

B2. Unfrozen water content in frozen soil

The upper limit of the liquid water content for subfreezing temperature is calculated by Eq. (7). Based on 6j;g max, the content of liquid water in
frozen soils for the next time step (N + 1) is calculated as follows:

Hlin+l = min(eliq,maxv HN) "

where ¢V = Biiq + Oice is the total volumetric soil moisture at time step N. 6;. is the ice content. The 6. for the next time step is defined as:

0" = min (6

ice

+ RyuAt,6Y) (B8)

where At is the time step; Rp, is the conservation of the partial volume of ice:

= Rpm (B9)

and Ry, is defined as:

= Hfm
PicelyAz

Rpn (B10)

where p,, (917 kg m ~ ) is the density of ice. Hpy, in the unit of Wm ~ 2is assessed from the energy excess or deficit needed to change soil temperature
to the freezing point (T,) and it is calculated as:
Tfr" _ TN+1

H;,, = C,A
A A

(B11)

where TN+1 is the soil layer temperature resulting from all the other processes except for phase changes. The soil hydraulic conductivity, k (ms ~ 1),
can be calculated via the Clapp and Hornberger (1978) equation as:

10
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(B12)

where kg, is the soil hydraulic conductivity at saturation; f;. is the fraction of ice to soil pore volume and it is calculated as:

Hice :
ﬁce = |:1 — min (17 ()l‘m):|
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